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Abstract. Adsorption of Cu(II) ions from aqueous solution onto activated carbon 
(AC) prepared from Pithecellobium jiringa shell (PJS) waste was investigated by 
conducting batch mode adsorption experiments. The activation with ultrasound 
assistance removed almost all functional groups in the PJS-AC, while more 
cavities and pores on the PJS-AC were formed, which was confirmed by FTIR 
and SEM analyses. The Cu(II) ion adsorption isotherm fitted best to the 
Freundlich model with average R2 at 0.941. It was also correlated to the 
Langmuir isotherm with average R2 at 0.889. This indicates that physical 
sorption took place more than chemical sorption. The maximum Cu(II) ion 
adsorption capacity onto the PJS-AC for a dose of 1 g was 104.167 mg/g at 
30 °C and pH 4.5, where the Langmuir constant was 0.523 L/mg, the Freundlich 
adsorption intensity was 0.523, and the Freundlich constant was 5.212 L/mg. 
Cu(II) adsorption followed the pseudo second-order kinetic (PSOKE) model 
with average R2 at 0.998, maximum adsorption capacity at 96.154 mg/g, PSOKE 
adsorption rate constant at 0.200 g/mg.min, temperature at 30 °C and pH at 4.5. 
The changes in enthalpy, entropy, free energy and activation energy were 
determined, and the results confirmed that Cu(II) adsorption onto the PJS-AC 
was exothermic chemical adsorption in part. There was a decrease in the degree 
of freedom and the adsorption was non-spontaneous. 
Keywords: activated carbon; isotherm; jengkol (Pithecellobium jiringa); kinetic; 
thermodynamic; ultrasound. 
1 Introduction 
Heavy metals can be released into the environment through wastewater of 
mining operations, petroleum refining, and metallurgical, educational and 
agricultural industries [1-6]. Among the pollutants, Cu(II) ions are noted as the 
most toxic to the human body, causing disorders of tissues and organs [7-8]. 
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Cu(II) ions are generally found in the wastewater of chemical industries, mining 
practice, and electrical industries [9].  
Adsorption is a promising process to reduce heavy metal ions from wastewater 
compared to other processes being applied because the adsorption process is 
simpler, more economical and more effective [10-12]. Some low-cost 
adsorbents derived from lignocellulosic materials, such as water melon [13], 
rice husk [14], Brazil nut shell and tea leaves [15], coffee bean husks [16], areca 
catechu shell [17], have been applied for the adsorption of Cu(II) ions. 
Activated carbon, which has adsorption capacity due to its high porosity and 
large surface area, can be derived from lignocellulosic materials. It is interesting 
to note that its global consumption has risen by almost 2 billion tons in 2017 
[18]. Activated carbon has been prepared from Cassava peel [19], pecan shell 
[20], residue of biomass gasification [21], Tunisian date stones [22], hazelnut 
husks and shell [23-24], corncob [25] and Australian pine cones [26]. 
Meanwhile, activated carbon prepared from Pithecellobium jiringa shell (PJS-
AC) has not yet been investigated for the adsorption of Cu(II) ions. 
The Pithecellobium jiringa (jengkol) tree is native to primary and secondary 
forests in Southeast Asian countries including Indonesia (Sumatra, Sulawesi 
and Kalimantan), Malaysia, Myanmar, Bangladesh and Southern Thailand [27]. 
PJS waste is an alternative material for preparing activated carbon because the 
plantation of the jengkol tree across Asia, especially in Indonesia, has increased 
considerably because of the high demand for its seeds for use in foods. Jengkol 
seed production in Indonesia was 62,475, 50,235, 65,830, 62,197 and 
61,537 tons in 2009, 2010, 2011, 2012 and 2013, respectively [28]. PJS waste in 
Indonesia is forecasted to reach 20,000 tons on average every year. 
To increase adsorption capacity, several methods of actived-carbon preparation 
and adsorption conditions have been proposed [29]. Other techniques, such as 
microwave radiation for chemical activation [30-32] and ultrasound agitation 
for adsorption, have been investigated. Ultrasound at 20 kHz has been used to 
restructure active binding sites of sludge to increase Cu(II) adsorption [33]. The 
waves produced by ultrasound also increase mass transfer in the adsorption 
process [13,25]. Therefore, it is desirable to apply the ultrasound method in the 
preparation of PJS-AC. 
The research objective of this study was to prepare activated carbon from PJS 
waste with assistance of ultrasound in the chemical activation. Evaluation of the 
chemical functional groups and structural characterization of the PJS waste, the 
PJS carbon and the PJS-AC were performed by Fourier transform infrared 
spectroscopy (FTIR) and scanning electron microscopy (SEM) analyses. The 
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effects of contact time, ultrasound assistance, adsorption pH and temperature on 
the Cu(II) adsorption capacity of the PJS-AC were examined. Isotherm, kinetic 
and thermodynamic parameters were obtained. 
2 Experimental Procedure 
2.1 Preparation of Activated Carbon  
PJS waste was collected from Peunayong vegetable market, Banda Aceh, Aceh 
Province, Indonesia. To prepare the PJS-AC raw material, the same procedure 
as in the previous study [26] was used. The PJS waste (3 kg) was rinsed using 
tap water and then dried under the sun for 5 days at an average temperature of 
30 °C (± 1 °C) and an average relative humidity of 72% °C (± 5%). Following 
this it was dried at 120 °C (± 1 °C) for 3 h using an oven drier (NN-ST342M, 
Memmert, Western Germany). The dried PJS waste was ground to a powder 
using a dry spice grinder. Pyrolysis of the dried PJS powder was conducted 
under nitrogen atmosphere at a rate of 5 ml/min in a tube furnace (TF-
80/120/160, Human Lab Instrument Co., Korea, 300-1500 °C) with the heating 
rate at 45 °C/min for 10.5 min. The initial temperature and the final 
temperature of the system were 28 and 500 °C, respectively. Physical 
activation was done at 500 °C (± 1 °C) for 0.5 h. The PJS carbon (PJS-C) was 
then sieved into 60-80 mesh. 
Then, 0.05 kg of PJS-C was activated using 500 mL of 0.5 M NaOH (Gatt-
Koller, Austria) in a 750-mL beaker glass at a stirring speed of 150 rpm 
(Compact Magnetic Mini-Stirrer, HI 180-2 F) for 5 h and at 27 °C (± 1 °C). The 
PJS activated carbon without ultrasonic assistance (PJS-ACWU) was then 
washed several times using tap water until reaching a neutral pH of 7 (± 0.1), 
using distilled water at the end. Finally, the PJS-AC was filtered using a 
vacuum filter and was dried at 110 °C (± 1 °C) for 5 h using the oven drier for 
removing the excess water. The PJS-ACWU was stored in a sealed bottle for the 
adsorption experiment. To prepare PJS activated carbon with ultrasonic 
assistance (PJS-AC), the chemical activation procedure was repeated with the 
remaining PJS-C (0.05 kg) with ultrasonic assistance at 1 MHz using an 
ultrasonic probe (13921-05) installed with an Ultrasonic Doppler (13923-99, 
PHYWE, West Germany).  
2.2 Preparation of Cu(II) Aqueous Solution 
The Cu(II) aqueous solution of 500 mg/L was made by dissolving 4.75 g 
(±0.01) CuSO4.5H2O (99% pure from Aldrich) in 500 mL of distilled water in a 
500-mL Erlenmeyer flask. A sample of 2 mL was taken, mixed with 10 mL 
distilled water and analyzed using an atomic absorption spectrophotometer 
(AAS) (AA-6300, Shimadzu, Japan) [26]. To determine the real Cu(II) 
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concentration of the stock solution, the AAS-based Cu(II) concentration was 
multiplied with a dilution factor of 6. The desired concentration of Cu(II) for 
each adsorption experiment was made by taking the stock solution using 
variable volume pipettes, adjusted by diluting with distilled water. 
2.3 Characterization of the PJS-AC 
A spectrophotometer (IR Prestige 21, Shimadzu, Japan) was used for 
characterization of the PJS-AC. Fourier transform infrared spectroscopy (FTIR) 
analysis was used to obtain the chemical functional groups from the spectra 
between 400 and 4000 cm
-1
 of the raw material and the activated carbon. KBr 
pellets of 0.1% sample were used to determine the sample transmission spectra 
[26]. Scanning electron microscopy (SEM) (TM-3000, Hitachi, Japan, 500VA, 
1 phase 50/60Hz) was used to show the surface micrographs of the raw 
material. 
2.4 Cu(II) Adsorption Experiments 
Cu(II) adsorption experiments were conducted in batch mode. The same 
experimental procedure as used in the previous study [26] was used for the 
Cu(II) adsorption experiments. 1 g of PJS-AC was contacted with 100 ml of 
Cu(II) solution in a 100-mL Erlenmeyer flask at a stirring speed of 75 rpm. 2-
mL samples of Cu(II) solution were taken in a time series (0, 15, 30, 45, 60 and 
75 min) using variable volume pipettes and added with 10 mL of distilled water 
in a 15-mL vial. The Cu(II) concentration of the filtrate was determined by AAS 
and the concentration of the 2-mL samples of the Cu(II) solution was obtained 
by multiplying the AAS-based concentration with a dilution factor of 6. 
The effect of contact time, ultrasonic assistance, adsorption pH and temperature 
on the Cu(II) ion adsorption capacity of the adsorbents was investigated. The 
range of contact time, initial Cu(II) concentration in aqueous solution, pH and 
temperature of adsorption were 0-80 min, 59.526–1190.532 mg/L (the real 
concentration of Cu(II) ions based on the AAS analysis and dilution factor), 3-
5.5 (± 0.1), and 30-50 °C (± 1 °C), respectively. The Cu(II) aqueous solution 
pH was adjusted by dropping HCl at a concentration in the range of 0.01-0.5 M 
(99.8% pure from Gatt-Koller), the solution pH was measured using analytical 
system Cobra3 Chem-Unit (12153.00, Phywe Systeme, West Germany). To set 
the adsorption temperature, a SBS multipoint magnetic stirrer was used. A wide 
range of initial Cu(II) ion concentrations under acidic conditions were applied 
to obtain the maximum Cu(II) adsorption capacity of the adsorbents 
[13,19,20,22,29]. 
Analysis of the data from each experiment was carried out in duplicate, and the 
average value was taken into account with standard deviation (STDEV in 
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Excel) in the range of 0.4-0.6. The Cu(II) adsorption isotherm, kinetic and 
thermodynamic parameters were determined using the experimental data and 
the related equation. 
3 Results and Discussion 
3.1 Functional Groups of the Samples 
The FTIR transmission spectra of the raw PJS, PJS-C, PJS-ACWU and PJS-AC 
are shown in Figure 1. As can be seen in Figure 1, the raw PJS had 8 functional 
groups. Two bands at a wavenumber of approximately 3635-3765 cm
-1
 with 
peaks at 3732 and 3645 cm
-1
 were assigned to O-H stretching of hydroxyl 
groups [17,26,34,35]. These bands had the highest transmittance compared to 
the other groups, i.e. approximately 96.09 and 95.72%, respectively, showing 
that phenols were the most dominant functional group in the raw PJS. However, 
the O-H stretching disappeared in the PJS-C, PJS-ACWU and PJS-AC, 
inferring that pyrolysis and chemical activation without and with ultrasound 
assistance completely removed phenols.  
 
Figure 1 The FTIR spectra of the PJS raw, PJS-C, PJS-ACWU and PJS-AC. 
C–H stretching of alkenes with a weak band at 2865-3005 cm
-1
 and a peak at 
2953 cm
-1
 [26,27] existed in the three samples. It is interesting to note that 
chemical activation without ultrasound increased the transmittance from 80.24 
to 87.07%. In contrast, ultrasound assistance decreased it to 77.52%, indicating 
alkenes being released from the PJS-AC. The C–H stretch of aldehydes at 2830-
2695 cm
-1
 with an intense band at 2726 cm
-1
 in the raw PJS was removed in the 
PJS-C, PJS-ACWU and PJS-AC, while the PJS-AC had the lowest 
transmittance. The same trend also occurred for the CN stretch of nitriles at 
2240-2260 cm
-1
 with a peak at 2255 cm
-1
 in the raw PJS, whereas it was 
completely removed in the PJS-AC. Meanwhile, the CN stretch still existed in 
the PJS-C and PJS-ACWU. It is important to note that ultrasound assistance 
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resulted in a wider band of C=O stretching at 1665-1760 cm
-1
 with a peak at 
1712 cm
-1
. This band is associated to carbonyls [26,36], which were the most 
dominant functional group in the PJS-AC, even if the transmittance decreased 
from 86.62% in the PJS-C and 82.07% in the PJS-ACWU to 70.56% in the PJS-
AC. This indicates that ultrasound causes carbonyls to also be removed partially 
from the PJS-AC, and that the presence of carbonyls should let chemical 
adsorption take place. The same trend of C–H stretching of aldehydes also 
occurred for the C-H ‘oop’ stretching of aromatics with triple bands at 675-900 
cm
-1
 and peaks at 875, 821 and 709 cm
-1
. These functional groups would also 
have promoted chemical adsorption on the PJS-AC. The ultrasound assistance 
also removed the N–O asymmetric stretch (at 1475-1550 cm
-1
 with the peak at 
1521 cm
-1
) of nitro compounds, the C–C stretch (at 1400-1500 cm
-1
 with the 
peak at 1446 cm
-1
) of aromatics, and the C–N stretch (1020-1250 cm
-1
 with 2 
peaks at 1226 and 1031 cm
-1
) of aliphatic amines. 
Overall, pyrolysis at 500 °C removed almost all functional groups in the raw 
PJS. The light and volatile matter that may still have been present in the PJS-C 
was removed further as a result of the chemical activation, as indicated by all 
transmittance peaks having decreased. Compared to chemical activation without 
ultrasound assistance, ultrasound assistance should contribute to the formation 
of more cavities and pores on the PJS-AC. As a result, the Cu(II) ion adsorption 
capacity of the PJS-AC may be higher than that of the raw PJS and PJS-C. 
Moreover, chemical adsorption is expected to take place in the presence of 
some functional groups. 
3.2 Surface Morphology of Samples 
Figures 2(a), (b) and (c) show the SEM analysis for the surface morphology of 
the PJS-C, PJS-ACWU and PJS-AC, respectively. The PJS-C surface has 
impurities and the pores are irregular and uneven. The round substances 
presenting chemical functional groups addressed in previous studies [17,26,37] 
are not clearly visible on the PJS-C surface. Compared to the PJS-C surface, the 
PJS-ACWU surface is more clear and clean from impurities as a result of the 
chemical activation. The wall of the PJS-ACWU surface likely has the same 
thickness as the wall of the PJS-C surface. There should be more pores on the 
PJS-ACWU surface as a result of the NaOH dehydrating agent [26], as 
addressed in the FTIR discussion. Even if Figure 1(b) does not show many 
pores formed on the wall, Cu(II) ion adsorption capacity of the PJS-ACWU 
should be higher than that of the PJS-C. 
The best surface morphology was shown by the PJS-AC, as can be seen in 
Figure 2(c). It can be clearly seen that the ultrasound assistance created more 
irregular and uneven pores, and transport pores were also formed for the PJS-
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AC. As expected, in the FTIR result more volatile matter was released because 
ultrasonics lead NaOH to penetrate deeply into the PJS-AC wall by breaking the 
stretching of the chemical functional groups on the PJS-CA surface. As a result, 
the wall of the PJS-AC surface was thinner than that of both the PJS-C and PJS 
ACWU, and open and transport pores were formed, as can be seen in Figure 
2(c). Therefore, Cu(II) ion adsorption capacity of the PJS-AC should be higher 
than that of both the PJS-C and the PJS ACWU. 
  
(a) (b) 
 
(c) 
 
Figure 2 SEM micrographs of (a) the raw PJS, (b) the PJS-ACWU (c) the PJS-
AC. 
3.3 Effect of Contact Time on Adsorption Capacity 
The effect of contact time on the Cu(II) ion adsorption capacity of the PJS-AC 
is shown in Figure 3. It increased rapidly within 15 min from 0 to 90.78, 92.02 
and 93.56 mg/g under the adsorption condition at 30 °C, pH 4.5; 50 °C, pH 4.5; 
and 30 °C, pH 3, respectively. Following 15 min of contact time, it did not 
change too much and it reached adsorption equilibrium within 75 min. It is clear 
that the Cu(II) ion adsorption capacity of the PJS-AC was exponential over 
contact time, the same as the trend in the previous studies [14,17,38], whereas 
the adsorbate entered into the PJS-AC pores and was adsorbed rapidly by the 
active sites in the first 15 min. Due to limited active sites on the surface, Cu(II) 
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ions were no longer adsorbed during the rest of the contact time, leading to a 
relatively long time taken for the PJS-AC to adsorb Cu(II) ions.  
 
Figure 3  Cu(II) ion adsorption capacity of the PJS-AC over contact time. 
Operation conditions: 100 mL Cu(II) aqueous solution at 1190.532 mg/L, 1 g  
the PJS-AC, contact time of 0-75 min, adsorption temperature at 30 and 50 °C (± 
1 °C), 75-rpm stirring speed, pH 3 and 4.5, and 1 atm. STDEV = 0.4. 
3.4 Effect of Ultrasound on Adsorption Capacity 
Figure 4 shows the effect of ultrasound on Cu(II) ion adsorption capacity. The 
Cu(II) adsorption capacity increased by 5.18% from 82.76 to 87.05 mg/g for 
chemical activation without ultrasound assistance. It increased by 14.07% as a 
result of ultrasound assistance. As expected, in the FTIR and SEM analyses the 
Cu(II) ion adsorption capacity by the PJS-AC was higher than that of both the 
PJS-C and PJS ACWU, i.e. 94.40 mg/g. 
 
Figure 4 Cu(II) ion adsorption capacity of the PJS-C, PJS-ACWU and PJS-AC 
at equilibrium time. Operation conditions: 100 mL Cu(II) aqueous solution at 
1190.532 mg/L, 1 g adsorbent, 75-min contact time, adsorption temperature at 30 
°C (± 1 °C), 75-rpm stirring speed, pH 5.5, and 1 atm. STDEV = 0.5. 
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3.5 Effect of Initial Solution pH on Adsorption Capacity 
Previous studies have shown that Cu(II) ion adsorption onto adsorbents reaches 
maximum adsorption capacity in acid conditions of the initial solution 
[13,21,22,24]. Hence, the effect of initial solution pH on the Cu(II) adsorption 
capacity of the PJS-AC was investigated in a pH range of 3-5.5. The result as 
depicted in Figure 5 shows that the pH of the initial solution dynamically 
affected the Cu(II) adsorption capacity and that the pH effect was almost the 
same for different adsorption temperatures. It increased moderately from 
approximately 91.65 to 94.81 mg/g at a pH of 3-4.5 for adsorption temperature 
at 30 °C, and from 88.76 to 93.46 mg/g for adsorption temperature at 50 °C. 
Lifting the pH to 5.5 decreased it to 94.40 and 91.67 mg/g for adsorption 
temperature at 30 and 50 °C, respectively. The maximum Cu(II) adsorption 
capacity was found at a pH of 4.5, i.e. 0.5 higher than the pH for the maximum 
Cu(II) adsorption capacity of activated water melon [13] and biomass residue-
based activated carbon [22]. 
 
 
Figure 5 Cu(II) ion adsorption capacity over pH of initial solution. Operation 
conditions: 100 mL Cu(II) aqueous solution at 1190.532 mg/L, 1 g adsorbent, 
75-min contact time, adsorption temperature at 30 and 50 °C (± 1 °C), 75-rpm 
stirring speed, pH of 3-5.5, and 1 atm. STDEV = 0.5. 
3.6 Effect of Temperature on Adsorption Capacity 
Figure 5 also shows that the adsorption temperature influenced the Cu(II) 
adsorption capacity. All values of Cu(II) adsorption capacity at 50 °C of 
adsorption temperature were lower than the values of Cu(II) adsorption capacity 
at 30 °C. In other words, rising the adsorption temperature decreased the 
adsorption of Cu(II) ions onto the PJS-AC. For example, it was approximately 
94.40 and 91.67 mg/g at 30 and 50 °C, respectively for a pH of 5.5. It was 94.81 
and 93.46 mg/g, respectively for a pH of 4.5, and it was 91.65 and 88.76 mg/g 
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for a pH of 3.0, respectively. However, the result shown was only for the initial 
Cu(II) concentration at 2381.065 mg/L. The temperature effect is discussed 
further in the next sections. 
3.7 Cu(II) Adsorption Isotherm of the PJS-AC 
The common models of the Langmuir and Freundlich adsorption isotherms 
were used for determining the related parameters. The Langmuir equation 
[26,39] can be expressed in linear form [37] as: 
 
1 1
e
e
e m L m
C
C
q q K q
      (1) 
where Ce (mg/L) is the equilibrium Cu(II) concentration in solution, qe (mg/g) 
presents the adsorption capacity, qm (mg/g), as the Langmuir monolayer 
adsorption capacity, and KL (L/mg) denotes the Langmuir constant. The 
parameter values were worked out using the intercept, 1/(qm KL), and the slope, 
1/qm, of the straight line Ce /qe versus Ce, as revealed in Figure 6(a). Both the 
nature of Cu(II) ion adsorption onto the PJS-AC and the adsorption isotherm 
type were obtained using the expression RL = 1/( KLCo + 1), where Co (mg/L) is 
the highest initial concentration of Cu(II) in aqueous solution. When the RL = 0, 
0 < RL < 1, RL = 1, or RL > 0 [40] the Cu(II) adsorption on the PJS-AC should be 
irreversible, favorable, linear, or unfavorable, respectively. The Freundlich 
equation [26,41,42] can be expressed in linearized form as: 
 
1
log log loge e Fq C K
n
     (2) 
where KF (L/mg) represents the Freundlich constant and 1/n denotes the 
adsorption intensity. The values of the Freundlich parameters were determined 
using the intercept, log KF, and the slope, 1/n, of the straight line of log qe 
versus log Ce, as can be seen in Figure 6(b). 
All values of both adsorption isotherm parameters are listed in Table 1. As 
shown by the legend in Figure 6 and listed in Table 1, the average correlation 
coefficient R
2
 for the Langmuir adsorption isotherm was 0.889, a bit lower than 
the average Freundlich R
2
, which was 0.941. This indicates that the Freundlich 
expression model provided the best fit for the adsorption of Cu(II) ions onto the 
PJS-AC. However, Langmuir adsorption may take place, since when the R
2
 was 
still high, the adsorption capacity, qm, was close to the one presented in Figure 
3. In addition, temperature and pH effects on adsorption capacity were the same 
as the ones presented in Figure 4. Increasing the adsorption temperature lowered 
the adsorption capacity and the maximum adsorption capacity was reached at a 
pH of 4.5.  
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(a) (b) 
Figure 6 Adsorption isotherm expression of (a) Langmuir and (b) Freundlich 
for Cu(II) ion adsorption onto the PJS-AC. Operation conditions: 100 mL Cu(II) 
aqueous solution at 1190.532 mg/L, 1 g adsorbent, 75-min contact time, 
adsorption temperature at 30 and 50 °C (± 1 °C), 75-rpm stirring speed, pH of 3-
5.5, and 1 atm. STDEV = 0.4. 
Table 1 Cu(II) adsorption isotherm parameters based on Langmuir and 
Freundlich models. 
T 
(
o
C) 
pH 
Langmuir Freunclich 
qm (mg/g) KL (L/mg) R
2
 1/n KF (L/mg) R
2
 
30 3 101.010 0.017 0.887 0.546 4.246 0.948 
50 3 93.458 0.022 0.904 0.467 5.902 0.949 
30 4.5 104.167 0.021 0.897 0.523 5.212 0.946 
50 4.5 97.087 0.023 0.869 0.494 5.727 0.921 
 
Meanwhile, using the average Langmuir constant (KL) obtained (0.039), 
confirmed that the Langmuir isotherm is also favorable for adsorption of Cu(II) 
by the PJS-AC. The highest Cu(II) adsorption capacity of the PJS-AC was 
104.167 mg/g at 30 °C and pH 4.5 with the Langmuir constant at 0.523 L/mg, 
Freundlich adsorption intensity at 0.523, and the Freundlich constant at 5.212 
L/mg. 
3.8 Cu(II) Adsorption Kinetic of the PJS-AC 
The linearized pseudo first-order kinetic equation (PFOKE) by Lagergren [43], 
given as Eq. (3) [17,26], and the linearized pseudo second-order kinetic 
equation (PSOKE) [44], given as Eq. (4) [17,26,45], were used to obtain the 
parameters. 
 log( ) log
2.303
L
e t e
k t
q q q
 
   
 
                                                                      (3) 
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2
1
t H e e
t t
q k q q
                                                                                     (4) 
where qt (mg/g) represents Cu(II) ion adsorption capacity of the PJS-AC at time 
t (min), qe (mg/g) is the Cu(II) ion adsorption capacity at equilibrium, kL (/min) 
is the PFOKE adsorption rate constant, and kH (g/mg.min) denotes the PSOKE 
adsorption rate constant. The values of qe, kL, or kH were determined using the 
slope and intercept of related Eqs. (3) or (4), and all the parameter values are 
listed in Table 2. 
Table 2 Cu(II) Ion Adsorption Kinetic Parameters based on PFOKE and PSOKE 
T 
(
o
C) 
pH 
PFOKE PSOKE 
qe 
(mg/g) 
kL (/min) R
2
 
qe 
(mg/g) 
kH 
(g/mg.min) 
R
2
 
30 3 9.682 0.042 0.391 91.743 0.487 0.999 
50 3 10.483 0.043 0.428 88.496 0.157 0.999 
30 4.5 22.465 0.053 0.702 96.154 0.200 0.998 
50 4.5 12.517 0.049 0.499 93.458 0.156 0.998 
Operation conditions: 100 mL Cu(II) aqueous solution with a predetermined concentration of 1190.532 
mg/L, 1 g of PJS-AC, contact time of 0-75 min, adsorption temperature at 30 and 50 °C (± 2 °C), 75 rpm 
magnetic stirring, pH 3 and 4.5 (± 0.1), and 1 atm. 
As shown in Table 2, the PSOKE gave the best fit for Cu(II) ion adsorption 
onto the PJS-AC, indicated by the average R
2
 value of 0.998. The same effect of 
adsorption temperature and pH on adsorption capacity in the adsorption 
isotherm was also found in the adsorption kinetic.  
Increasing the adsorption temperature decreased the Cu(II) ion adsorption 
capacity of the PJS-AC, while the maximum adsorption capacity (96.154 mg/g) 
was reached at 30 °C and pH 4.5 with the PSOKE adsorption rate constant at 
0.200 g/mg.min. 
3.9 Cu(II) Adsorption Thermodynamics 
Thermodynamic equations of Eqs. (5), (6) and (7) were used to work out the 
change of enthalpy (∆H
0
), free energy (∆G
0
) and entropy (∆S
0
) for Cu(II) 
adsorption onto the PJS-AC. The ∆H
0
 (J/mol) value was obtained using Eq. (5) 
of the Van ’t Hoff linear model [38]: 
 
0 0
ln
d
S H
K
R RT
 
                                                                               (5) 
where Kd (L/mg) is defined as distribution coefficient (qe/Ce) at a temperature of 
T (K) with qe and Ce given at the maximum initial concentration of the 
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Langmuir plot for the Cu(II) ion adsorption isotherm, and R denotes the ideal 
gas constant (8.314 J/mol K). The values of Ce1, Ce3, qe1, qe3, Kd1, Kd3, T1, and T3, 
were approximately 242.394 mg/L, 255.954 mg/L, 94.814 mg/g, 93.478 mg/g, 
0.391 L/g, 0.365 L/g, 303.15 K and 333.15 K, respectively, taken from the 
Langmuir adsorption isotherm at pH 4.5, as presented in Figure 6(a). The 
notations Ce1 and Ce3 represent the equilibrium Cu(II) concentration in the 
solution at an adsorption temperature of T1 and T3, respectively, as well as the 
notations for qe1 and qe3, Kd1 and Kd3. An additional adsorption isotherm 
experiment was conducted at 315.15 K (denoted as T2). The values of Ce2, qe2, 
Kd2 and T2 obtained were 248.871 mg/L, 94.166 mg/g and 0.378 L/g, 
respectively. 
As a result, the trendline equation obtained was ln kd = 230.22/T – 1.70 and the 
value of ∆H
0
 was –1.914 kJ/mol. The positive value of ∆H
0
 indicates the 
exothermic nature of the adsorption of Cu(II) by the PJS-AC. This is reasonable 
because the entrophy decreases when the Cu(II) ions are adsorbed, leading to 
the negative value of enthalpy [46,47]. The increase in temperature from 303.15 
to 333.15 K causes a decrease in the Langmuir-based Cu(II) adsorption capacity 
from 104.167 to 97.087 mg/g (highlighted in Section 3.6), which is also 
reasonable according to Le Chatelier’s principle for chemical adsorption [48], 
and the activation energy should have a positive sign [49]. The activation 
energy (E) was obtained using the linear plot slope of the trendline of 1/T versus 
ln qm as given in Eq. (6):  
 
1
ln m mi
E
q q
R T
 
   
 
                                                                              (6) 
where qmi (mg/g) is the Langmuir-based Cu(II) adsorption capacity at 
temperature T [48,50]. The values of qm1, qm2, qm3, T1, T2 and T3 were 104.167, 
100.561, 97.087 mg/g, 303.15, 315.15 and 333.15 K, respectively. The trendline 
equation obtained was ln qm = 235.08/T + 3.87, and the E value obtained from 
the slope was –1.954 kJ/mol. The negative sign of E indicates exothermic 
chemical adsorption taking place in the Cu(II) adsorption onto the PJS-AC, and 
could refer to monolayer Langmuir adsorption [51]. 
The ∆S
0
 value determined using Eq. (5) was –0.141 kJ/mol.K. A negative sign 
of ∆S
0
 corresponds to a decrease in the degree of freedom [46,47]. Meanwhile, 
the ∆G
0
 (J/mol) can be obtained using Eq. (7) [52]:  
 
0 0
0 H GS
T
  
                                                                                 (7) 
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The ∆G
0
 values obtained using Eq. (7), ∆S
0
 at -0.141 kJ/mol.K and ∆H
0
 at –
1.914 kJ/mol were 40.932 and 45.172 kJ/mol for an adsorption temperature of 
300.15 and 318.15 K, respectively. The positive sign of the ∆G
0 
values confirms 
that the Cu(II) adsorption onto the PJS-AC was a non-spontaneous process. 
3.10 Cu(II) Adsorption Capacity by Various Activated Carbons 
A comparison of Cu(II) adsorption capacity by various activated carbons 
prepared from lignocellulosic material is listed in Table 3. 
Table 3 Adsorption of Cu(II) by activated carbons. 
Activated Carbon T (°C) pH qm (mg/g) Ref. 
PJS-AC, USAC-NaOH 30 4.5 104.167 PS 
WM-AC, Ca(OH)2, USAD 30 5 31.025 [13] 
WM-AC, C6H8O7, USAD 30 5 27.027 [13] 
CRFB-AC, ZnCl2 RT 5 23.100 [21] 
PC-AC, ZnCl2 RT 5 5.100 [21] 
TDS-AC, H3PO4 40 5 31.250 [22] 
HH-AC, ZnCl2 18 5.7 6.650 [23] 
HS-AC, H2SO4 50 6 58.270 [24] 
APC-AC, NaOH 25 5 26.710 [26] 
ACS-AC, NaOH 27 6.5 50.51 [50] 
ACS-AC, NaOH 45 6.5 55.25 [50] 
GCF-AC, H2SO4 NA 4 15.470 [53] 
AS-AC, H2SO4 NA 6.5 22.800 [53] 
RWS-AC, H3PO4 NA 6 5.720 [54] 
 
The abbreviations PS, AC, NA, RT, USAC and USAD stand for present study, 
activated carbon, not available, room temperature, ultrasound-assisted 
activation, and ultrasound assisted adsorption, respectively. The abbreviations 
WM, CRFB, CP, TDS, HH, HS, APC, GCF, AS, RWS and ACS stand for 
watermelon, carbon residue from biomass gasification, commercial powder, 
Tunisian date stones, hazelnut husks, hazelnut shell, Australian pine cone, 
granular commercial Filtrasorb 200, apricot stone, rubber wood sawdust and 
areca catechu shell, respectively. As shown in Table 3, the Cu(II) adsorption 
capacity of the PJS-AC was the highest compared to those of the other activated 
carbons prepared from lignocellulosic materials listed in Table 1. This finding 
as well as the application of ultrasound in activation could be a significant 
contribution to the development of activated carbon based on lignocellulosic 
materials. Further studies of elemental analysis, surface area, pore volume and 
average pore diameter of PJS-AC are worthy for future research. 
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4 Conclusion 
This study presented adsorption of Cu(II) ions onto activated carbon derived 
from Pithecellobium jiringa shell (PJS-AC). Using ultrasound for the activation 
released almost all the light and volatile matter in the PJS-AC, as was shown by 
FTIR analysis, and it produced more cavities and pores on the PJS-AC, 
confirmed by SEM analysis. The Freundlich isotherm (average R
2
 = 0.941) 
fitted better compared to the Langmuir isotherm (average R
2
 = 0.889) showing 
that physical sorption was dominant compared to chemical sorption. The Cu(II) 
adsorption kinetic fitted well to the PSOKE (average R
2
 = 0.998). The highest 
Cu(II) ion adsorption capacity of the PJS-AC was 104.167 mg/g with the 
Langmuir constant at 0.523 L/mg at 30 °C and pH 4.5. The Freundlich 
adsorption intensity and constant were 0.523 and 5.212 L/mg, respectively. The 
maximum adsorption capacity based on the PSOKE was 96.154 mg/g with the 
rate constant at 0.200 g/mg.min at 30 °C and pH at 4.5. The thermodynamic 
parameters showed that Cu(II) adsorption onto the PJS-AC was exothermic 
chemical adsorption in part. The degree of freedom decreased and the 
adsorption was non-spontaneous. 
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